Introduction
============

Adverse drug events affect millions of patients each year and are responsible for up to 5% of hospital admissions, resulting in a significant increase in the cost of health care.[@b1-ijn-11-3265],[@b2-ijn-11-3265] Drug--drug interactions (DDIs) are defined as an increase or decrease in the clinical effect of a given drug due to interference by another drug and could be a significant cause of morbidity and mortality worldwide.[@b3-ijn-11-3265] DDIs are characterized by adverse drug events; they are often predicted from published reports, toxicity studies, and pharmacological interactions. Some DDI events have fatal life-threatening concerns due to toxicity and may prompt the removal of approved medications from the marketplace.[@b4-ijn-11-3265]--[@b8-ijn-11-3265] The reasons for toxicity vary depending on the mixture of drugs, for example, when digoxin and clarithromycin are used simultaneously, toxicity can develop in patients due to the inhibition of P-glycoprotein by clarithromycin,[@b9-ijn-11-3265] which in turn inhibits the renal clearance of digoxin.[@b10-ijn-11-3265],[@b11-ijn-11-3265]

Our group recently published the results of a proof-of-concept 24-week chemopreventive study with the oral administration of a combination of aspirin (ASP) and curcumin (CUR) encapsulated within solid lipid nanoparticles (SLNs) and free sulforaphane (SFN), on *N*-nitrosobis(2-oxopropyl) amine-treated Syrian golden hamster model to suppress the progression of pancreatic intraepithelial neoplasms.[@b12-ijn-11-3265] Although previous reports have demonstrated ASP, CUR, and SFN (ACS) alone to be effective against different cancers, significantly higher drug concentrations have been used, which may be toxic and not feasible for long-term chemopreventive administration. In recent decades, chitosan-SLNs (c-SLNs) have gained wide attention due to their stability and scope of surface modifications.[@b13-ijn-11-3265]--[@b15-ijn-11-3265] Recently, Arya et al[@b16-ijn-11-3265] demonstrated a targeted chitosan-complexed nanoparticle formulation for the delivery of gemcitabine drug to the pancreatic tumor site when administered to animals via tail vein injections. In the present study, we designed an oral delivery system for ASP and CUR encapsulated in c-SLN with free SFN. Chitosan is a nontoxic and biocompatible polysaccharide derived from the shells of crustaceans, with proven in vivo safety profiles.[@b17-ijn-11-3265],[@b18-ijn-11-3265] The addition of chitosan provided steric stabilization of nanoparticles by reducing their uptake by the reticuloendothelial system in the body.[@b19-ijn-11-3265],[@b20-ijn-11-3265] Chitosan-based nanoparticles exhibit a mucoadhesive feature because of their positive charge, thereby capable of prolonging their residence time in the negatively charged small intestine,[@b21-ijn-11-3265] thus increasing the drug concentration at the site of absorption. Moreover, chitosan is known to mediate the opening of tight junctions between epithelial cells reversibly, facilitating the paracellular transport of drug molecules ultimately leading to improved bioavailability of the drugs.[@b22-ijn-11-3265] Drug-loaded c-SLNs were coated with Eudragit L 100-55 polymer to avoid drug release in the stomach, instead to dissolve in the small intestine exposing c-SLNs in the duodenal region which was subsequently taken into the lymphatic circulation.[@b23-ijn-11-3265] The programmed release of ACS from c-SLNs ensured a sustained presence of these chemopreventive agents to allow a synergistic chemopreventive effect.

Individual components of the c-SLN formulation such as stearic acid (lipid), poloxamer 188 (surfactant), and chitosan have been reported to be noncytotoxic.[@b24-ijn-11-3265],[@b25-ijn-11-3265] However, there are no studies in the current literature that evaluate the potential toxicity of a combined regimen of ACS, especially when encapsulated within c-SLNs. While the incorporation of ACS chemopreventive regimens into lipid nanoparticles leads to improved efficacy, whether this incorporation will have any effects on the toxicity profile still remains an open question. Chemopreventive therapy requires long-term, frequent administration of the ACS nanoparticle regimen, thus making it very important to evaluate toxicity profiles of this novel regimen.

Low-dose ASP, commonly defined as 81 mg daily, is one of the most widely used drugs in the world and the mainstay of therapy for cardiovascular disease prevention.[@b26-ijn-11-3265] One survey suggested that over one-third of the US adult population and 80% of those with known cardiovascular disease use low-dose ASP regularly.[@b27-ijn-11-3265] At the high dose, ASP predominantly inhibits the cyclooxygenase (COX-1) isoform in the gastrointestinal mucosa leading to ulcerogenic effects,[@b28-ijn-11-3265] thus have been largely abandoned in clinical practice. The UGLA survey[@b29-ijn-11-3265] showed that 15.4% of ASP users demonstrated upper gastrointestinal symptoms and 70% gastroesophageal reflux, which resulted in a negative impact on treatment compliance in 12% of patients.

CUR, the principal curcuminoid of the popular spice turmeric, is obtained from the ground rhizomes of *Curcuma longa*. Published reports indicate that the majority effects of the CUR are associated with its ability to suppress inflammation.[@b30-ijn-11-3265] Clinical studies of CUR in healthy human subjects as well as cancer patients have demonstrated low systemic bioavailability even at the dose of 12 g/d following oral administration.[@b31-ijn-11-3265],[@b32-ijn-11-3265] However, no toxicity was evident even at this dose.

Finally, SFN has been shown to protect against acetaminophen-induced hepatotoxicity,[@b33-ijn-11-3265] transplacental toxicity,[@b34-ijn-11-3265] and alveolar epithelial cells exposed to cigarette smoke extract.[@b35-ijn-11-3265] However, there are no systemic subacute and subchronic toxicity studies of SFN reported in the literature.

The objective of the present study was to examine the potential toxicological aspects of the ACS combination within a nanoparticle oral delivery system in BALB/c mice. A toxicological profile is essential to design future clinical efficacy studies of these formulated nanoparticles. The current investigation addressed these issues by conducting acute (3 days), subacute (28 days), and subchronic (90 days) toxicity studies in BALB/c mice.

Material and methods
====================

Chemicals and reagents
----------------------

ASP and CUR were purchased from Sigma-Aldrich Co. (St Louis, MO, USA). Stearic acid, poloxamer 188, and chitosan were obtained from Spectrum Chemicals (Gardena, CA, USA). Ethanol and glacial acetic acid were obtained from Thermo Fisher Scientific (Waltham, MA, USA). Potassium chloride, potassium phosphate monobasic, and Tris base were purchased from BDH Chemicals (Radnor, PA, USA). Sodium Phosphate Dibasic was purchased from EMD Millipore (Billerica, MA, USA). Sodium chloride, Tween-20, and SFN were purchased from Santa Cruz Biotechnology Inc. (Dallas, TX, USA).

Chitosan-coated SLN preparation
-------------------------------

The following formulations were prepared: (F1) ASP c-SLN (ASP) only, (F2) CUR c-SLN (CUR) only, (F3) free unmodified SFN only, and (F4) mixtures of ASP and CUR c-SLNs with free SFN. F1 and F2 formulations were prepared in bulk amounts, whereas F4 was prepared by blending known quantities of nanoparticles from F1, F2, and free-SFN. Blank nanoparticle formulations were also prepared using stearic acid without any drugs, which served as the vehicle control. Oil/water emulsion was prepared using the modified hot homogenization technique.[@b24-ijn-11-3265] Briefly, 1 g of stearic acid was melted by heating at 70°C. The drug (250 mg) was suspended in 5 mL of ethanol. The suspended drug solution was then added to the melted stearic acid. The 50 mL of 2% poloxamer solution (water phase) was heated to the same temperature as that of the oil phase. The oil phase was then added to the water phase dropwise under continuous high-speed (25,000 rpm) homogenization (Tissue Master 125; Omni International, Kennesaw, GA, USA). The pre-emulsion was further sonicated for 30 seconds using an ultrasonicator (Branson Sonifier 450; Emerson Electric, St Louis, MO, USA). The emulsion so formed was passed through a high-pressure homogenizer (Nano DeBEE; BEE International, South Easton, MA, USA) for five cycles and kept on a stirrer for 2 hours for solvent evaporation. The emulsion was then mixed with an equal volume of 0.1% chitosan dissolved in 0.1% glacial acetic acid. The mixture of SLNs with chitosan was stirred for 2 hours. The resulted c-SLNs were ultracentrifuged, and the pellet was collected. For the present study, mannitol was added as cryoprotectant in the ratio of 1:1 (nanoparticles:cryoprotectant). Five milliliter aqueous solution of mannitol was added to the pellet. This solution was mixed well and frozen in a deep freezer at −80°C. The samples were then lyophilized in a freeze dryer (FreeZone 4.5 Plus; Labconco, Kansas City, MO, USA) and coated with 30% Eudragit L 100-55 dispersion.

Determination of mean particle size, zeta potential, and polydispersity index
-----------------------------------------------------------------------------

The mean particle size (*z*-average) and polydispersity index (PDI) were determined by photon correlation spectroscopy using Zetasizer (Nano ZS90; Malvern Instruments, Malvern, UK) at 25°C and 90° scattering angle. The Zetasizer works on dynamic light scattering technology. The results are represented in mean value from the percent intensity distribution (*Z*-average), and the PDI describes the distribution width. Briefly, 5 mg of the c-SLN formulation was suspended in 10 mL of phosphate-buffered saline (PBS, pH 7.4), and the suspension was sonicated for 30 seconds. Particle size was measured using 1 mL of the suspension. The surface charge was assessed by measuring zeta potential of c-SLNs based on the Smoluchowski Equation, using the same equipment at 25°C with an electric field strength of 23 V/cm.[@b36-ijn-11-3265]

Chromatographic analysis of ASP and CUR
---------------------------------------

ASP and CUR were analyzed using a Shimadzu LC-20 binary (Shimadzu Corp., Kyoto, Japan) high-performance liquid chromatography (HPLC) system (Columbia, MD). The system consists of a Restek Ultra II C-18 column (4.6×150 mm, 5 μm) with mobile phase composed of acetonitrile and 0.1% acetic acid (60:40, v/v). The flow rate was 0.5 mL/min, and the detection wavelength was set at 223 nm for ASP and 423 nm for CUR using a photodiode array detector. The retention time of ASP and CUR was 4.2 minutes and 8.5 minutes, respectively.

Encapsulation efficiency determination
--------------------------------------

Encapsulation efficiency (EE%) was determined by incorporating 10 mg of the c-SLN formulation in 5 mL ethanol, which dissolved the stearic acid and released the drug entrapped within the lipid. Ethanol was evaporated under a current of inert air for 1 hour leaving behind a residue of the drug and lipid. The drug was separated from the lipid by dissolving it in 5 mL of acetonitrile. The drug was allowed to dissolve freely for \~30 minutes in a bath sonicator after which it was filtered through a 0.45 μm filter. The resulting solution was further diluted to 20 mL with acetonitrile and analyzed using Shimadzu LC-20 binary HPLC. Caffeine was used as an internal standard. EE was calculated using the following equation: $$\text{EE}\left( \% \right) = \frac{\text{Amount}\ \left( \text{mg} \right)\ \text{of~drug~per~HPLC~method}}{\text{Theoretical~yield}\ \left( \text{mg} \right)} \times 100$$

In vitro drug release kinetics
------------------------------

The cumulative release kinetics of ASP and CUR from c-SLN was determined in PBS, pH 7.4. Five milligram of the c-SLNs were suspended in 50 mL of PBS and placed in an incubator at 37°C with a shaking speed of 100 rpm. Drug release from c-SLNs was compared to PBS with blank c-SLNs. At predetermined time intervals (0 hour, 0.5 hour, 1 hour, 2 hours, 4 hours, 6 hours, 12 hours, 24 hours, 48 hours, and 72 hours), 1 mL of the buffer was withdrawn and replaced with equivalent volume of fresh buffer. All samples are centrifuged at 5,000 rpm for 10 minutes. The amount of drug released in the supernatant was analyzed using HPLC. The analysis was carried out in triplicate.

Experimental design and treatments of in vivo toxicity study
------------------------------------------------------------

### BALB/c mice

The study was conducted on male and female BALB/c mice, 6 weeks old with an average body weight of \~20 g. BALB/c mice were obtained from Taconic Biosciences (Hudson, NY, USA) and housed in a controlled environment (temperature 23°C±1°C, humidity 60.5%, and 12-hour light/12-hour dark cycle) in the animal facility of Western University of Health Sciences. The animals had access to commercially available feed pellets and water ad libitum as per the Western University of Health's Guide for the Care and Use of Laboratory Animals. They were acclimatized for 1 week prior to experimentation. The animal protocol was approved by the Institutional Animal Care and Use Committee (IACUC) at Western University of Health Sciences. According to Organization for Economic Co-operation and Development (OECD) guidelines on short-term repeat dose toxicity study, the 28-day oral toxicity study (OECD 407, EC B.7) and 90-day oral toxicity tests (OECD 408, EC B.26) in rodents are the most commonly recommended.[@b37-ijn-11-3265],[@b38-ijn-11-3265] Hence, we performed a 3-day acute, 28-day subacute, and 90-day subchronic toxicity studies of c-SLNs in the BALB/c mice. Two male and two female BALB/c mice per group per time point were used. For the acute toxicity study, mice were orally gavaged for 3 days with 100 μL ACS c-SLNs at three doses: low-dose ACS (2+4.5+0.16 mg/kg; 1/30 of the high dose), medium-dose ACS (20+45+1.6 mg/kg; 1/3 of the high dose), and high-dose ACS (60+135+4.8 mg/kg). The mice were orally gavaged daily with 100 μL ACS c-SLNs from low to high dose. The control and vehicle control groups received 100 μL PBS buffer and blank c-SLN, respectively. The same experimental protocol was followed for 28-day subacute and 90-day subchronic toxicity studies. A total of 60 mice were used in this study ([Table 1](#t1-ijn-11-3265){ref-type="table"}). Assessment of any evidence of toxicity included clinical observation, body weight, hematology, blood clinical chemistry, and histopathological evaluations.

### LSL K-ras^G12D/+^/Pdx-1^Cre/+^ transgenic mice

The 6-week-old LSL-Kras^G12D/+^/pdx-1^Cre/+^ transgenic mice were randomly divided into five groups so that average body weights are equal in all groups (n=6/group). The treatment regimen and experimental conditions remained same as BALB/c mice study except this study was performed for 120 days. A total of 30 mice were used ([Table 1](#t1-ijn-11-3265){ref-type="table"}).

In vivo observation and examination
-----------------------------------

### Clinical signs

During the study, mice were monitored for signs of toxicity including ruffled fur, impeded movement, clear sign of abnormal constitution, aberrant behavior, obvious loss of weight (10%--15%), and diarrhea. Mice were weighed twice a week throughout the experimental period.

### Hematology

Blood was collected from the heart after sacrificing the animal. One hundred microliter of blood was collected in a microtainer containing ethylenediaminetetraacetic acid (BD, Franklin Lakes, NJ, USA) and analyzed using Hemavet 950 (Drew Scientific, Dallas, TX, USA). The hematological parameters studied were as follows: white blood cell count, red blood cell (RBC) count, hemoglobin concentration, hematocrits, mean corpuscular volume, mean corpuscular hemoglobin, mean corpuscular hemoglobin concentration, red cell distribution width, platelet (PLT) count, mean PLT volume, percentage of neutrophils, percentage of lymphocytes, percentage of monocytes, percentage of eosinophils, and percentage of basophils.

### Blood biochemistry

Four hundred microliter of blood was collected in a BD microtainer plasma separator tube with lithium heparin (BD). The blood samples were submitted to Antech Laboratories (Irvine, CA, USA) within 2 hours of collection. The parameters analyzed were blood urea nitrogen (BUN) and creatinine (CRE), which can indicate renal toxicity; total bilirubin (TBIL), alanine transaminase (ALT), and alkaline phosphatase (ALP) levels as indicators of hepatic toxicity, while glucose (GLU) and total protein are measures of healthy growth.

### Histopathology

All organs of the thoracic and abdominal cavities were carefully examined in situ macroscopically after euthanization. The internal organs pancreas, kidney, heart, liver, and brain were collected for the 28-day and 90-day study, fixed in 10% (v/v) neutral-buffered formalin and submitted to the University of Southern California (USC) Histology Services to process for hematoxylin and eosin (H&E) staining. The morphological changes were assessed by independent assessor blinded to the study.

Statistical analysis
--------------------

GraphPad Software, Inc. (La Jolla, CA, USA) was used for statistical analysis and plotting. The body weight data were expressed as mean ± standard error of mean, and hematology and blood chemistry results were expressed as mean ± standard deviation and analyzed by one-way analysis of variance (ANOVA) and two-way ANOVA followed by Dunnett's multiple comparisons test. A *P*-value of ≤0.05 was considered statistically significant.

Results and discussion
======================

Particle size, encapsulation efficiency, zeta potential, and polydispersity index of drug encapsulated c-SLNs
-------------------------------------------------------------------------------------------------------------

The mean particle size was measured by using a dynamic light scattering technique. The mean particle size of ASP SLN and c-SLNs was 361 nm and 430 nm, respectively, and CUR SLN and c-SLNs was 400 nm and 440 nm, respectively ([Table 2](#t2-ijn-11-3265){ref-type="table"}). The c-SLNs of ASP and CUR were within the nanometer range and showed optimal particle size with low variability. The difference in mean particle size between SLNs and c-SLNs was 40 nm to 70 nm, indicating additional layer of chitosan on SLNs. The EE% of ASP and CUR c-SLNs was 65% and 72%, respectively.

Surface charge potential plays an important role in nanoparticle stability due to electrostatic repulsion. Since surfactant poloxamer 188 is a nonionic surfactant, lipid cores may be responsible for the negative surface charge of SLN formulations. The negative charge is likely caused by the slightly ionized fatty acids from glycerides. The coating of cationic-charged chitosan altered the surface charge of SLNs (−10.6 mV to −13.3 mV) to c-SLNs (16--17 mV), indicating coating with chitosan on the SLN surface. The low PDI was observed in both ASP and CUR SLNs ranging from 0.19 to 0.21, indicating the homogenous nature of the formulation. The particle size, zeta potential, and PDI remained same before and after lyophilization because mannitol was added as cryoprotectant.

In vitro drug release from the c-SLNs
-------------------------------------

The ability of nanoparticles to deliver drugs was examined by determining the drug release, as shown in [Figure 1](#f1-ijn-11-3265){ref-type="fig"}. The release of the drug from nanoparticles prepared using stearic acid was conducted over a period of 72 hours. The percentage of drug released from c-SLN was plotted as a function of time. The encapsulation of the drug in c-SLNs significantly prolonged the release. As shown in [Figure 1](#f1-ijn-11-3265){ref-type="fig"}, the release of ASP was faster compared to CUR. A cumulative drug release of \~98% of ASP was observed within 72 hours of the study showing faster release pattern in comparison to the CUR (94%). Both formulations exhibited slow sustained release of the drug.

Drug-encapsulated c-SLN stability study
---------------------------------------

Stability studies of lyophilized c-SLN powder were performed under various storage conditions. In the present work, the effect of lyophilization and temperature storage of c-SLNs on their physical and chemical characteristics was evaluated. For stability study, all the formulations were stored in amber colored bottles at 4°C and 25°C. The accelerated stability study was conducted at 40°C temperature with 65% humidity. The formulations were analyzed for particle size, EE%, zeta potential, and PDI after being stored at specific temperatures for 5 days, 28 days, and 90 days. The effect of storage time and temperature is shown in [Table 3](#t3-ijn-11-3265){ref-type="table"}.

### Particle size and polydispersity index

Mean particle size of ASP c-SLNs was 430 nm at the start of the study. After 3 months of storage at three different temperatures of 4°C, 25°C, and 40°C, the particle size was observed to be 692 nm, 823 nm, and 1,310 nm, respectively. Similarly, for CUR c-SLNs, the mean particle size was 440 nm at the start of the stability study but at the end of 3 months, the particle size increased to 829 nm, 855 nm, and 1,796 nm at 4°C, 25°C, and 40°C, respectively. Thus, both ASP and CUR c-SLNs exhibited significant increases in mean particle size but were \<1,000 nm at lower temperatures (4°C and 25°C). However, some agglomeration was evident at accelerated stability temperature (40°C and 65% humidity), which demonstrated an increase in particle size \>1,000 nm ([Table 3](#t3-ijn-11-3265){ref-type="table"}). The higher temperature and humid conditions of the sample storage may be responsible for the aggregation.[@b39-ijn-11-3265] The PDI values all remained \<0.4, which is generally considered the acceptable limit of monodispersity.[@b40-ijn-11-3265] However, increases were observed for accelerated storage conditions at 40°C temperature and 65% humidity.

### Zeta potential

Surface potential plays an important role in nanoparticle stability due to electrostatic repulsion. Surface charge is an indicator of the stability of nanoparticles in suspensions. A higher charge on the surface of the c-SLNs will prevent aggregation in buffer solution because of the strong repellent forces among particles.[@b41-ijn-11-3265],[@b42-ijn-11-3265] As a rule of thumb, surface charge values \>10 mV or \<−10 mV provide good stability.[@b43-ijn-11-3265],[@b44-ijn-11-3265] For ASP c-SLN, the zeta potential was 16 mV at the start of the study. The surface charge values were between 17 mV and 26 mV for 5 days and 28 days of stability study, respectively. After 90 days of storage at 4°C, 25°C, and 40°C, surface charge was increased to 35 mV, 36 mV, and 39 mV, respectively. For CUR c-SLN, surface charge remained constant for 5 days, 28 days, and 90 days at various storage temperatures ([Table 3](#t3-ijn-11-3265){ref-type="table"}).

### Encapsulation efficiency (EE%)

After 3 months of storage at various temperatures, the EE% of ASP c-SLNs was found to be 61.5% (4°C), 63.4% (25°C), and 55% (40°C). This compared well to the EE% at the start of the study (65%), although at accelerated stability conditions (40°C and 65% humidity), there appeared to be a significant decrease as shown previously. For CUR c-SLNs, EE% was measured at 72% at the start of the study, but after 3 months storage at different temperatures, EE% values were decreased to 62.3% (4°C), 65.9% (25°C), and 59.3% (40°C; [Table 3](#t3-ijn-11-3265){ref-type="table"}). In both formulations, encapsulation seemed to be adversely affected by storage conditions at 40°C temperature and 65% humidity.

Results of these studies demonstrated that storage at higher temperatures of 40°C and humidity of 65% could result in increase in particle size and reduction in encapsulation efficiency; however, at lower temperatures, encapsulation efficiencies were comparable to the original formulations, especially for ASP c-SLNs.

3-day and 28-day in vivo toxicity study
---------------------------------------

Acute toxicity tests study the probability of the test compounds to cause toxicity following short duration, whereas subacute toxicity tests evaluate the probability of drugs to generate collective hematological, biochemical, and physiological changes following multiple administrations. In toxicity studies, the hematological data are very important observations because it directly reflects possible tissue toxicity or injury. The ACS c-SLNs were orally administered to male and female BALB/c mice at the doses of low (2+4.5+0.16 mg/kg), medium (20+45+1.6 mg/kg), and high (60+135+4.8 mg/kg) for 3 days, 28 days, and 90 days. During the entire course of study, treatment with ACS c-SLNs did not cause any mortality concerns. In addition, there were no significant changes indicated by clinical observation, body weight, hematology, and blood biochemistry except for PLT count ([Figures 2](#f2-ijn-11-3265){ref-type="fig"} and [3](#f3-ijn-11-3265){ref-type="fig"}; [Table 4](#t4-ijn-11-3265){ref-type="table"}; 3-day study data not shown). The PLT count was lower in low-dose and medium-dose groups compared to control group, but PLT count was not changed in the high-dose group. The changes noted in PLT count were not dose dependent, and hence considered incidental changes/biological variations, not as treatment-related effects. Based on the results of this study, the same three doses were used for the 90-day toxicity study ([Table 1](#t1-ijn-11-3265){ref-type="table"}).

90-day in vivo toxicity study
-----------------------------

### Body weight measurement

Body weight gain or loss may be an important measure or indication of an indirect immunotoxic effect. [Figure 2](#f2-ijn-11-3265){ref-type="fig"} shows body weight of mice treated with different doses of ACS c-SLNs. All mice were weighed twice per week over the study period to observe for signs of any weight loss. Overall, the body weight transition curves of all the mice groups showed a steady gain from start to the end of the study period. Treatment with ACS c-SLN for 90 days did not cause obvious adverse effects on growth because no statistically significant differences in body weight were observed between treatment and control groups. Furthermore, no abnormal clinical signs or behavior were detected in either group. Finally, necropsy at the end of the experiment did not show any macroscopic changes in the organs in any of the treatment groups.

### Effect of ACS c-SLN on hematology studies

In this study, hematological observations of all treated mice were conducted to measure any changes in different blood parameters. Results exhibited normal levels of total and differential white blood cells, RBCs, hemoglobin, as well as packed cell volume as compared to untreated control mice ([Table 5](#t5-ijn-11-3265){ref-type="table"}). Thrombocytopenia, leukopenia, pancytopenia, or anemia was not observed in ACS c-SLN-treated mice. There was an increase in PLT counts in low and medium ACS c-SLN-treated group compared to control group (*P*\<0.01), but no change in PLT count in high-dose treatment group compared to control group was noted. Also, it is important to note that PLT count was elevated in the blank c-SLN group, thus strongly indicating that changes noted were not dose dependent among treatment groups and hence were considered incidental changes/biological variations and not due to ACS treatment-related effects.

To support our hypothesis that changes noted in PLT count were incidental/biological variations, we included PLT count data from ACS c-SLN treatment for 120 days in LSL K-ras^G12D/+^/Pdx-1^Cre/+^ (C57BL/6 genetic background) pancreatic cancer transgenic mice. In this study, we did not observe any changes in PLT count in low and medium dose ACS c-SLNs compared to no-treatment control group ([Table 5](#t5-ijn-11-3265){ref-type="table"}). We conclude that changes in PLT count observed in BALB/c mice were incidental, as we did not observe similar increase in PLT count in LSL K-ras^G12D/+^/Pdx-1^Cre/+^ pancreatic cancer transgenic mice.

### Effect of ACS c-SLN on clinical chemistry

Enzymes such as ALT and ALP are mainly present in liver cells, and their concentrations increase in the blood with necrosis of liver cells. The amount of these enzymes in the blood corresponds well with the extent of liver damage and are commonly used as indicators of liver function.[@b45-ijn-11-3265]--[@b48-ijn-11-3265] In the 90-day study, there were no statistically significant difference in the levels of ALT and ALP in any of the ACS c-SLN treatment group compared to control group, indicating nontoxicity to liver ([Figure 3](#f3-ijn-11-3265){ref-type="fig"}).

TBIL is an organic compound formed by the reticuloendothelial system during the normal and abnormal destruction of RBCs.[@b45-ijn-11-3265] It is a chemical normally present in the blood in small amounts and used by the liver to produce bile. There were no changes in TBIL level after 90 days of ACS c-SLN treatment ([Figure 3](#f3-ijn-11-3265){ref-type="fig"}).

BUN and creatinine (CRE) are important indicators of kidney function. BUN is a product of cellular metabolism, while CRE is a specific product of muscle breakdown. A high level of BUN indicates acute renal dysfunction, and a high level of CRE indicates chronic renal dysfunction. When the serum CRE is significantly higher than normal, kidney function is seriously damaged.[@b49-ijn-11-3265],[@b50-ijn-11-3265] For the ACS c-SLN treatment regimen, there was no significant difference in the levels of BUN and CRE, indicating nontoxicity effects to kidneys ([Figure 3](#f3-ijn-11-3265){ref-type="fig"}).

A significant increase in GLU level was observed in medium-dose ACS c-SLN compared to no treatment control group, but low- and high-dose ACS c-SLNs were within normal range and hence considered as incidental changes/biological variations and not as treatment-related effects. There were no other statistically significant differences between control and treatment groups when compared by two-way ANOVA.

### Histopathological examination

Histopathological evaluation was conducted on five major organs, namely pancreas, kidney, heart, liver, and brain for 28-day and 90-day study for blank c-SLN, low-, medium-, and high-dose ACS c-SLNs. [Figure 4](#f4-ijn-11-3265){ref-type="fig"} represents the H&E-stained images for 90-day treatment regimen. All of the organs evaluated appeared normal in the ACS c-SLN-treated groups ([Figure 4](#f4-ijn-11-3265){ref-type="fig"}). Pancreatic tissue of control and ACS c-SLN groups did not indicate the destruction of pancreatic acinar cells and development of pancreatic fibrosis, an indication of chronic pancreatitis ([Figure 4](#f4-ijn-11-3265){ref-type="fig"}). The toxicity to kidney was evaluated based on the following characteristics: the overall cellularity of the glomerulus, the symmetry of the glomerulus, and the thickness of the capillary walls. The H&E-stained kidney did not show any morphological changes in ACS c-SLN-treated groups compared to control group. The heart sections of ACS c-SLN-treated groups showed no signs of infiltration with leukocytes, fibrosis, hypertrophied, and early signs of necrosis, ie, loss of nuclei and eosinophilia. Toxic change in the liver is characterized by fatty change, pigment accumulation, and proliferation of sinusoidal lining cells. The histopathological assessment of H&E-stained liver sections showed no sign of hepatocyte degeneration, fatty change, oval cell hyperplasia, and pigment deposition, indicating no toxicity to liver ([Figure 4](#f4-ijn-11-3265){ref-type="fig"}). No histopathological, neuronal vacuolation, and necrosis changes were observed in brain sections of low, medium, and high doses of ACS c-SLN ([Figure 4](#f4-ijn-11-3265){ref-type="fig"}). Thus, the microscopic evaluations of the selected organs did not reveal morphological abnormalities that could be attributed to the oral administration of ACS c-SLN to the mice.

In the present study, statistically significant changes were noted in some of the blood parameters in the ACS c-SLN-treated groups. For example, statistically significant increase in PLT counts was noted in the low- and medium-dose treatment groups, but no change in the high-dose group. This dose-independent increase in PLT counts is difficult to explain. In the absence of changes in other blood parameters, or blood clinical chemistry observations, increase in PLT counts is generally not considered a cause of concern. There was significant increase in GLU level in medium-dose group, but no change in low- and high-dose groups. The previously described and other statistically significant changes noted in hematology and serum chemistry parameters were considered as incidental and not related to treatment, as they lacked dose response and were not supported by any other changes in related clinical parameters or histopathological observations. No such changes are observed in our current long-term chemoprevention efficacy study.

Conclusion
==========

Previous and ongoing studies have established the chemopreventive potential of the ACS c-SLN combined regimens, but no studies have been conducted to evaluate the toxicity of this novel regimen. Thus, the objective of this study was to establish toxicity profiles, if any, associated with the combined administration of ACS c-SLNs in mice. Overall, the animals exhibited signs of good health and well-being throughout the study. There was no significant change in the body weight in treatment groups compared to the control group. During the 3-day, 28-day, and 90-day study periods, treatment with ACS c-SLNs did not cause an alteration in blood count. There were no statistically significant changes in blood biochemistry data related to administration of ACS c-SLN. A histopathology assessment of the pancreas, kidney, heart, liver, and brain were correlated with the hematological count and plasma levels of the biochemical markers. The results indicate the oral safety of the developed formulation for short-term and prolonged administration. Thus, a safe toxicological profile of the nanoparticle regimen supports their potential evaluation in in vivo efficacy models and further in human trials to establish their clinical benefits as an effective prevention therapy against pancreatic cancer.
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![In vitro drug release from c-SLNs.\
**Notes:** The release of ASP and CUR from c-SLNs over a period of 72 h in PBS, pH 7.4. The drug release was determined using a HPLC. The percentage of drug released from c-SLN was plotted as a function of time. Both ASP and CUR c-SLNs formulation exhibited slow sustained release of the drugs. The data were represented as mean ± SEM, and statistical significance was determined by one-way ANOVA test.\
**Abbreviations:** ASP, asprin; CUR, curcumin; c-SLNs, chitosan-solid lipid nanoparticles; PBS, phosphate-buffered saline; HPLC, high-performance liquid chromatography; h, hours; SEM, standard error of mean; ANOVA, analysis of variance.](ijn-11-3265Fig1){#f1-ijn-11-3265}

![Body weight variations in BALB/c mice during the treatment period.\
**Notes:** (**A**) Average body weight transitions of mice over the 28-day treatment period. (**B**) Average body weight transitions of mice over the 90-day treatment period. There were no statistically significant differences in body weight observed between ACS encapsulated in c-SLN-treated mice and the no-treatment control mice. The data are represented as mean ± SEM, and statistical significance was determined by two-way ANOVA followed by Dunnett's multiple comparison tests.\
**Abbreviations:** SEM, standard error of mean; ANOVA, analysis of variance; ACS, aspirin, curcumin, and sulforaphane; c-SLN, chitosan-solid lipid nanoparticle.](ijn-11-3265Fig2){#f2-ijn-11-3265}

![Blood clinical chemistry values after oral administration of ACS encapsulated in c-SLNs.\
**Notes:** Blood clinical chemistry values after (**A**) 28-day and (**B**) 90-day oral administration of ACS c-SLNs. No statistically significant differences were observed in ACS c-SLN-treated groups and no-treatment control group. The data were represented as mean ± SD, and statistical significance was determined by two-way ANOVA followed by Dunnett's multiple comparison tests.\
**Abbreviations:** TP, total protein; ALT, alanine aminotransferase; ALP, alkaline phosphatase; TBIL, total bilirubin; BUN, blood urea nitrogen; CRE, creatinine (mg/dL); P, phosphorous; GLU, glucose; CA, calcium; IP, inorganic phosphorus; SD, standard deviation; ANOVA, analysis of variance; ACS, aspirin, curcumin, and sulforaphane; c-SLN, chitosan-solid lipid nanoparticle.](ijn-11-3265Fig3){#f3-ijn-11-3265}

![H&E staining after 90-day treatment of combined ACS encapsulated in c-SLNs.\
**Notes:** Representative images of (**A**) pancreas, (**B**) kidney, (**C**) heart, (**D**) liver, and (**E**) brain. All the images were taken at 400× magnification.\
**Abbreviations:** ACS, aspirin, curcumin, and sulforaphane; c-SLN, chitosan-solid lipid nanoparticle; H&E, hematoxylin & eosin.](ijn-11-3265Fig4){#f4-ijn-11-3265}

###### 

Treatment groups and dose levels of ACS c-SLNs

  ----------------------------------------------------------------------------------------
  Groups   Formulations                  Dose (mg/kg)
  -------- ----------------------------- -------------------------------------------------
  1        Control group (PBS)           Volume equivalent to drug dose

  2        Blank c-SLNs                  Volume equivalent to lipid content in high dose

  3        Low dose\                     (2+4.5)+0.16
           Nano-(ASP + CUR) + free-SFN   

  4        Medium dose\                  (20+45)+1.6
           Nano-(ASP + CUR) + free-SFN   

  5        High dose\                    (60+135)+4.8
           Nano-(ASP + CUR) + free-SFN   
  ----------------------------------------------------------------------------------------

**Abbreviations:** ACS, aspirin, curcumin, and sulforaphane; c-SLNs, chitosan-solid lipid nanoparticles; PBS, phosphate-buffered saline; ASP, aspirin; CUR, curcumin; SFN, sulforaphane.

###### 

Optimization of aspirin and curcumin encapsulated in SLNs and c-SLNs formulations

  Formulations   Particle size (nm)   Encapsulation efficiency (%)   Zeta potential (mV)   PDI
  -------------- -------------------- ------------------------------ --------------------- ----------
  ASP SLN        361±78.6             --                             −10.6±4.21            0.4±0.03
  ASP c-SLN      430±51.1             65±4.06                        16.0±5.78             0.2±0.02
  CUR SLN        400±58.3             --                             −13.3±3.26            0.5±0.03
  CUR c-SLN      440±65.9             72±3.98                        17.0±4.69             0.2±0.04

**Note:** Data is presented as mean ± standard deviation.

**Abbreviations:** SLN, solid lipid nanoparticle; c-SLNs, chitosan-SLNs; ASP, aspirin; CUR, curcumin; PDI, polydispersity index.

###### 

Stability study of ASP and CUR encapsulated in c-SLNs

  Temperature   Blank c-SLN   ASP c-SLN   CUR c-SLN                                                                                         
  ------------- ------------- ----------- ----------- ------------- ----------- ---------- ---------- ------------- ----------- ----------- ----------
  0 day                                                                                                                                     
   25°C         409±48.6      25±7.68     0.2±0.04    430±51.1      16±4.21     0.2±0.03   65±2.7     440±65.9      17±5.41     0.2±0.04    72±4.2
  5 days                                                                                                                                    
   4°C          562±55.7      50.1±6.25   0.3±0.02    585±49.1      17±6.0      0.2±0.01   63±4.6     471±55.9      16.6±6.77   0.3±0.03    66.7±3.9
   25°C         794±62.3      52±6.86     0.3±0.04    594±68.6      18.9±8.09   0.2±0.03   64±3.6     639±60.9      10.1±3.28   0.3±0.02    63.8±5.7
   40°C         900±142.8     25±5.95     0.3±0.02    1,323±241.4   26±7.26     0.6±0.03   58±2.8     1,550±239.6   10±7.42     0.9±0.05    62.7±4.8
  28 days                                                                                                                                   
   4°C          712±59.6      24.3±6.05   0.47±0.04   684±54.6      21±5.32     0.3±0.04   63±4.0     574±44.2      16.1±7.26   0.3±0.009   63.4±3.5
   25°C         961±84.1      23.4±11.1   0.3±0.04    780±57.6      24±6.59     0.3±0.04   62±3.6     640±65.7      17±6.69     0.3±0.03    63.9±4.2
   40°C         530±72.8      21±9.59     0.3±0.02    1,023±157.6   23±5.87     1±0.02     55±2.7     2,402±318.8   18±6.19     1±0         58.3±4.8
  90 days                                                                                                                                   
   4°C          351±39.5      21±4.9      0.1±0.05    692±102.8     35±5.46     0.6±0.1    61.5±5.8   829±179.6     21±6.02     0.4±0.02    62.3±3.3
   25°C         380±43.2      26±4.87     0.2±0.02    823±215.8     36±6.08     0.3±0.01   63.4±4.3   855±199.5     19±5.51     0.3±0.05    65.9±5.8
   40°C         1,154±123.8   29±6.26     1±0         1,310±171.6   39±5.79     1±0        55±5.4     1,796±374.2   20±10.2     1±0.1       59.3±4.8

**Note:** Data are presented as mean ± SD.

**Abbreviations:** ASP, aspirin; CUR, curcumin; c-SLN, chitosan-solid lipid nanoparticle; PDI, polydispersity index; EE, encapsulation efficiency.

###### 

Hematological values after 28-day oral administration of ACS c-SLNs (mean ± SD)

  Parameters   Unit   Control       Blank c-SLN control   Low-dose ACS c-SLN   Medium-dose ACS c-SLN   High-dose ACS c-SLN
  ------------ ------ ------------- --------------------- -------------------- ----------------------- ---------------------
  WBC          K/μL   4.63±3.27     4.52±2.43             5.71±2.20            4.17±1.19               5.65±1.02
  RBC          M/μL   10.17±0.29    9.98±1.02             10.07±0.32           9.63±1.00               10.01±0.12
  Hb           g/dL   13.68±0.35    12.38±1.10            13.00±0.57           12.65±0.75              13.25±0.47
  HCT          \%     53.02±1.76    51.30±4.51            52.05±2.08           49.58±4.78              52.20±0.78
  MCV          fl     52.12±0.83    51.30±2.75            51.65±0.93           51.50±1.03              52.15±0.69
  MCH          pg     13.45±0.014   12.40±0.55            12.93±0.33           13.20±0.81              13.23±0.56
  MCHC         g/dL   25.82±0.60    24.15±0.87            24.98±0.17           25.60±1.22              25.38±0.76
  RDW          \%     16.88±0.23    17.60±1.74            16.65±0.39           16.53±0.53              16.83±0.21
  PLT          K/μL   720.5±105     681.2±247.4           425.0±189.1^\*^      418.2±132.4^\*^         778.7±58.5
  MPV          fL     5.60±0.18     5.53±0.22             6.05±0.17            6.03±0.51               5.53±0.21
  NEU          \%     18.36±76.90   8.84±6.40             20.10±2.38           16.15±6.78              19.33±7.59
  LYO          \%     76.90±3.16    80.92±10.97           73.60±2.67           77.45±8.53              76.60±7.82
  MONO         \%     3.97±0.80     6.01±1.05             3.59±0.72            4.05±0.93               3.91±0.51
  EOS          \%     0.63±0.78     2.65±2.79             1.84±0.48            1.62±0.70               0.14±0.05
  BASO         \%     0.15±0.19     1.59±1.81             0.87±0.35            0.75±0.37               0.02±0.02

**Notes:** Data are presented as mean ± SD with ^\*^ is statistically significant.

**Abbreviations:** ACS, aspirin, curcumin, and sulforaphane; SD, standard deviation; c-SLN, chitosan-solid lipid nanoparticle; WBC, white blood cells; RBC, red blood cells; Hb, hemoglobin; HCT, hematocrits; MCV, mean corpuscular volume; MCH, mean corpuscular hemoglobin; MCHC, mean corpuscular hemoglobin concentration; RDW, red cell distribution width; PLT, platelets; MPV, mean platelet volume; NEU, neutrophils; LYO, lymphocytes; MONO, monocytes; EOS, eosinophils; BASO, basophils.

###### 

Hematological values after 90-day oral administration of ACS c-SLNs

  Parameters                                                            Unit   Control       Blank c-SLN control   Low-dose ACS c-SLN   Medium-dose ACS c-SLN   High-dose ACS c-SLN
  --------------------------------------------------------------------- ------ ------------- --------------------- -------------------- ----------------------- ---------------------
  90-day ACS c-SLNs treatment in BALB/c mice                                                                                                                    
   WBC                                                                  K/μL   2.28±1.63     3.77±0.63             3.77±1.06            4.24±1.33               1.47±0.86
   RBC                                                                  M/μL   10.39±2.74    11.58±1.05            11.74±0.65           11.66±0.16              9.05±3.89
   Hb                                                                   g/dL   14.35±4.28    16.93±1.79            17.05±0.75           17.37±0.42              11.87±5.69
   HCT                                                                  \%     52.70±14.21   59.17±6.27            59.25±3.18           59.13±0.21              46.70±21.05
   MCV                                                                  fl     50.57±1.11    51.03±0.81            50.50±0.47           50.73±0.78              51.17±1.62
   MCH                                                                  pg     13.67±1.15    14.80±8.11            14.55±0.41           14.90±0.20              12.80±1.04
   MCHC                                                                 g/dL   27.02±2.14    28.60±0.10            28.80±0.64           29.37±0.81              25.07±1.21
   RDW                                                                  \%     16.98±0.74    17.53±1.53            17.10±0.45           17.37±0.15              16.93±1.08
   PLT                                                                  K/μL   557.3±347.1   841.3±311.9^\*^       937.5±79.0^\*^       954.6±182.3^\*^         495.0±211.3
   MPV                                                                  fL     5.87±0.19     5.83±0.21             5.98±0.17            5.77±0.06               5.90±0.20
   NEU                                                                  \%     15.73±8.66    27.97±9.81            30.11±6.11           28.58±11.78             9.33±4.79
   LYO                                                                  \%     77.75±10.29   64.57±8.61            60.35±7.46           60.56±14.49             82.27±3.63
   MONO                                                                 \%     5.70±3.46     7.00±0.87             8.63±2.32            7.62±3.72               8.11±1.48
   EOS                                                                  \%     0.55±1.08     0.44±0.40             0.81±0.85            2.30±3.62               0.20±0.27
   BASO                                                                 \%     0.27±0.53     0.01±0.02             0.11±0.11            0.93±1.57               0.09±0.16
  120-day ACS c-SLNs treatment in LSL K-ras^G12D/+^/Pdx-1^Cre/+^ mice                                                                                           
   PLT                                                                  K/μL   2,458±526.3   2,366.5±476.56        1,986.67±369.6       2,551.25±230.49         2,169.2±286.04

**Notes:** Data are presented as mean ± SD with ^\*^ is statistically significant.

**Abbreviations:** ACS, aspirin, curcumin, and sulforaphane; c-SLN, chitosan-solid lipid nanoparticle; SD, standard deviation; WBC, white blood cells; RBC, red blood cells; Hb, hemoglobin; HCT, hematocrits; MCV, mean corpuscular volume; MCH, mean corpuscular hemoglobin; MCHC, mean corpuscular hemoglobin concentration; RDW, red cell distribution width; PLT, platelets; MPV, mean platelet volume; NEU, neutrophils; LYO, lymphocytes; MONO, monocytes; EOS, eosinophils; BASO, basophils.
